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ABSTRACT

A new theory of auroral morphology based on the production of
instabilities in electron sheets is developed. It is found that the
theory prédicts a longer duration of homogeneous surorel arcs in the early
evening, and a shorter duration during morning hours. Observed transitions
from glow to homogeneous arcs tO ray arcs and draperies are predicied by
the theory. An especially interesting feature is the predicted lowering
of mirror points eaccompanying development of brighter features of &
display. The theory also achieves encouraging success in explaining
horizontal and vertical luminous wave-progressioms found in flaming

aurora.
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1. Introduction

Theories of the aurora (StBrmer, 1955; Chapmen and Ferraro, 1340;

Alfven, 1950; Chamberlain, 1957, 1360, and others) ascribe auroral forms
to energetic charged perticles moving in the geamagnetic field. Existing
theories do not profess to explain the sequence of events or the various
suroral forms appearing in visually observed aurora. Consequently,a
theory of aurorsl morphology has been completely wanting. In the present
paper a preliminery outline of such a2 theory is set forth.

A typical sequence in the appearance of auroral forms has of'ten been
remarked {Stagg, 1934, and others). The usual physical sequence is from
glow to homogeneous arc, to ray arc, to rays with some intensification
before a final breakup of the display occurs. Later the same night the
sequence may be repeated. There is therefore a more or less typlcal
morphology of the aurora.

The present theory stiempis to explain this sequence on the basis
of the stabllity of groupings of energetic charged aurcrsl particles moving
in the geomagnetic fieid. Also considered are related phenomene such as

the polar electrojets of geomagneti=m.

2. Geperal Feature of Auroral Morphology

According to Stegg, in letitudes near or just south of the suroral
zone a typical display often begins with a glow in the northern sky
persisting from minutes to an hour or so (Stegg, 1934). The equatorward
region of glow then gradually develops a brightening edge which intensifies
into & homogeneous suroral arc. This homogeneous src next extends roughly
nearly fram borizon to horizom, with its greatest height roughly above the

magnetic meridian. This arc persists without much fluctuation in
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intensity perhaps for 15 minutes, and more rarely even for severel hours.
A transition then occurs, and some irregularities or flutes along the arc
mey develop, and within a minmute or so0 a transition to a ray arc occurs.
The base of the ray arc is usually at & higher level than the homogeneous
aworal arc, so that it appears in the low F-region, vhereas the
homogeneous arc usually hes its base in the E~-reglm. Exceptions do occur
and rays sametimes penetrate levels as low as 60 lam or so. The ray arc is

¢s stable, and it soon breaks up, perhaps with & tmnsient incresse in
extent and brightness as curtains or dreperies. The latter then become
dissipated until only shreds of the display may remsin as isolated
pulsating patches (Stagg, 1934; Vestine, 194k; StSrmer, 1955).

More complex situations often occur, many forms appearing simul-
tancously and ai times covering the entire sky. There may also be isolated.
thin aurorel arcc at height 200 km, which extend woii:ly across the sky for
a period of minutes toc an bowr or so (Stormer, 1955; Vestine, 1943).
Isolated red auroral arcs at heights LOO km and above are also known in

middle latitudes (Elvey, 1957: Roach, 1960).

3+ The Polar Electrojets of Geomagnetism

During magnetic storms, which may occur 10 to 20 times or so & yesar,
and during many lesser periods of disturbances known as magnetic bays,
there appear in auroral regioms electrojets located within the low
ionosphere closely associated with auroral displays. A strong night-time
electrojet occurs between local midnight and dawn, with an intense jet of
current flowing westward along the suroral zone. A weaker eastward-directed
. electrojet can often be noted in the afternoon. The current system for a

particular bay grows in intensity with time to a meximum and then diminishes
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over & period of a few hours. There mey be more than one such intensification
during a twenty-four hour period. An interesting feature is the tendency
for bays to recur at 2i-hour intervals for several nights running, a new
theory of which will be discussed in subsequent papers.

In recent articles it.has been suggested that trapped radiation, moving
in eccord with predictions based on adiabatic invariants of the particle

motion, might form the two electrojets (Vestine, 1960; Chamberiain, Kern,

and Vestine, 1960). Although it was suggested that the charged particles
responsible were of solar origin, these could without loss of generality
be regarded as generated within the geamagnetic field by interactiors with
solar streams carrying magpetic fields.

A recent suggestion is that geomagnetically trapped particles, when
accelerated, drift in longitude about the polar cep along spirals and tims
might give rise to a more or less meridional electric field driving the

night-time palar electrojet (Chamberlain, Xern, and Vestine, 1960). Thie

explanation has the feature that the Hall conductivity, with a magnitude
about ten times that of the conductivity across the geomagnetic field,
would dominate in the low ionosphere. The recent studies of aurorasl arcs
and polar electrojets by Akasofu (private cammunication) have indicated
that s meridional electric field may drive the night-time polar electrojet.
The aurora and the electrojet sre more or less closely associated phenamens
(Heppmer, 1954). Accordingly, it is of interest to consider interrelated

mechanisme (Coamberlain, Xern, and Vestine, 1960). These may predict

features expected in the surora and in the polar electirojets. In
particular, it is perhaps constructive to begin by imagining that in the
high ionosphere a downcoming filament of trapped radiation aligned
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vertically along the geomagnetic field srrives at the night-time electrojet
to glve rise to an awroral arc. This will pnext be comsidered.

If the particle fluwx producing an suroral display consists of trapped
electrons and protons, those not immediately absorbed will drift, electroms
to the east and protons to the west, with velocities near the mirror points

given approximately by

v‘ :i
4 Ber

vwhere E is the energy of the particle, B the magnetic field, e the electronic

charge, and r the distance from the earth's center (Christofilos, 1959).

The initial filament & km or so wlde, aligned along the geomagnetic field,
will produce drift of protoms as & thin arc to the west, and electromns to
the east.

One possibility is that charges may accumilate near mirror points
within the atmosphere, producing electric fields with associated current
flows in the ionosphere. In the case where particles are accelerated, the
charge separation on the night side may give a meridional electric field
in the ionosphere. In this case, a situation favorable to generation of
the night-time electrojet may arise.

The details of the electric field distribution that could give rise
to the polar electrojet system during magnetic bays are unknown. The
eastward-directed electrojet flowing in the low ionosphere on the early
evening side, can be driven by an electric field from west to east in the
low ionosphere, where the electricel conductivity has been enhanced during
the day, with conductivity augmented by the penetration of auroral
particles during an eurorsel display. At a slightly higher level, the

electric field during the electrojet would be more effective if applied in
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& polevard direction. If it be supposed ithat the west-to-east electric
Tield at lower levels is the pore important, this electric field E or its
motor effect will tend to cause the trapped radiation producing the jet to
drift poleward also.

In the case of the early-morning electrojet, an electric field
directed from pole to equetor locally is regarded as the more likely
driving force, since the Hall electric conductivity within the E-region
is greater than that for current flow parallel to the electric field and

across the geamagnetic field.

4, Stability of Hamogeneous Auroral Arcs

Students of mirror machines and plasma physics have learned a few

facts about the stability of trapped radiation (Xrusksl and Schwarzchild,

1954; Post, 1956; Rosenbluth, 1960; Rosenbluth and Longmire, 1957). It

is of course not necessarily known that suroral morphology arises as an
analogous consequence of plesme instebilities arising from rediation
trapped in the geamagnetic field. An suroral arc, once formed, however,
provides a reglon of incressed particle flux which should spread rapidly
eastward (or westward) to extend the arc, as noted previously. If homo-
geneous suroral arcs appear similtapeously in both northern and southern
bemispheres, joined by geomagnetic field lines, the base of the arc in
either hemisphere may be described as anchored within elecirically
conducting levels of the ionosphere. I, as supposed here, there is
connection of an auroral arc in the northern hemisphere via geamagnetic
fleld lines with an arc in the southern hemisphere, physical experience
with mirror machines leads one to expect that it is only a question of

time until fluted irregularities in auroral formations will appear



RM-207h HASA

(Krusksl and Schwartzchild, 195% and others), dut the greeter the E-region

conductivity, the greater this time should be. These flutes grow rapidly
and the display breaks up. The importance of the application of these
theoretical concepts to the great natural phenomenon of the aurora seeums

to have been suggested only recently (Vestine and Sibley, 1960).

It has already beer remarked that in the case of polar electrojets
in the low ionospbere associated with auroral displays. the Hall electric
conductivity in the region of current flow is probably sbout ten times the
cross conductivity. Consequently, the electrojets are likely to be driven
by nearly meridional electric fields, regarded as arising between drifting
proton and electron sheets oriented more or liess vertically and east-west.
Attention here will be canfined to the sheet closest to the equator. This
will here be identified, tentatively, as having a homogeneous auroral arc
gt its base, in which, any minute irregularities should grow exponentially
with time, in accordance with the principles and methods developed by
Kruskal and Schwarzchild in their classic paper, and by Rosenbluth and

Longmire (1957).
First the stability of an idealized homogenecus suroral arc will be

investigated. The main essumption is that a northern auroral zone arc is
sustained by geomagnetically trapped particles. The region of particle
incidence is taken &s a thin sheet oriented roughly east-west in a surface
of constant integral invariant (parallel to geamegnetic field lines) and
connected via the magnetic field with a similar arc in the southern hemis-
phere. An initial supply of trepped electrons penetrating beneath the
ionosp'nefe will drift east, and any protons west, with ceparation of tie

charges. This will occur both in the northern and southern hemispheres.
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The width in latitude 1 and length L of field lines joining the northern
and southern hemispheres may be of order of say 400 km and 107 m,
respectively. The lonospheric circuit, as in mirror machine studies,
will comprise resistance R overall capacitance C, and a current I.

If flutes involving charge irregularities are formed on a longitudinal
sheet of lncident particles, such as the diamagnetic sheet of section &,
perturbation electric fields will appear in the planc of the incident
particle sheet. Such perturbation eleciric fields will produce drift
normal to the plame of the sheet., Thus if the incident particle sheet is
represented by the xz-plane, drifi may occur in the y-direction such that
¥ = E'/B where ¥ is the drift velocity, E' is the perturbation electric
Field, and B the local megnetic field. Tt 1s assumed that collisions can
be neglected, as in the case in the F-region.

Writing & for the distance between equivalent perturbations in the
z-direction (east-west), the perturbation electric field E' can be replaced
by equivaient potential perturbations V' = BS¥. Now the east-west drift
of particles incide the sheet provides a westward directed current I =
2Lp vV, y, vhere y is the north-south sheet thickness, L is the length
of a field line, comnecting arcs in the northern end southern hemispheres,
p is the space charge density (givenbynee = -ne), and\'rd is an average
transverse drift velocity for the particles moving in St8rmer orbits along
the magnetic field lines. This current links the regioms of charge density
variation.

A circult equation for the perturbation volta@ge V' can therefore be
written

vt+._-%=0 (l)
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or noting the resistance R = 5/01A, where 6, 1s the transverse electric
conductivity, and A is the cross-sectional aree of the part of the incident
particle sheet of finite thickness within the ionosphere; the cross-section
1s that imagined obtained by a vertical slice taken roughly in the north-

south direction. Then

o, ABR Y + (o) AB/C)y - (2L p v /C)y=0 (2)
so that
y=@& E.xp (410 vy/o, AB)t- exp (-20, A/c)ﬂ (3)

where O is & constant. It can be shown that the second term, under the
circumstances, raplidly decays, so that y grows exponentially with the
time at & rate which is less when the resistance l/clA is less.

An early evening homogeneous suroral arc often lasts about 15 minutes
{~1000 secomds) before breslting up. During the morning hows, however,
the direct conductivity appearing in equation (3) may be reduced by a
factor of 10 or more. Thus (3) predicts increased rates of perturbation
buildup during morning hours. StSrmer (1955) glves observational data
that indicates that morming displays tend to be more transitory in
character than those appearing earlier in the eveninge.

A characteristic time constant for a perturbation buildup from .
equation (3) can be calculated. The time for an e-fold increase of y is |
given by

T=0, ABf4 Lp v, (%)

lz‘,A=2kmx50km,B=o.u,L=1o5:m,Gd=1o‘3km/sec

Takdng g, = 10~
(for, say, 6 kev electrons), and p = pe = 10° x 1.6 x 10”0 amu/cme, ve

obtain from equation (4) T= 600 sec. This seems compatible with observed
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durations of hamogeneous auroral esrcs. It should be noted thet this
requires a continuous supply of 6 kev electrons, since nearly all
particles of this energy will be sbsorbed at aurorel levels, without

reflection (Welch and Whitaker, 1959).

The hamogeneous asuroral arc is usually replaced by a ray arc, with the
lower end of the illuminetion or rays in the low F-regim. At this level
o is considerably less than in the L-region, say by s factor of ten, so
that the time constant 7 is less, or perhaps 60 seconds. In the cese
of draperies the height of the base may be even higher, so that breaikup
of the displays may occur with an even shorter time constant. It may also
be remarked that aurorel rays penetrating to levels below 80 km, where the
electric conductivity is also relatively small, seem to have a short
duration. The short-circuiting properties of the electrically conducting
atmosphere therefore seems to exert an important stabiliizing influence, by
reducing the local electric fleld irregularities which tend to grow and
disrupt the displays. Comsequently, the transition sequence in auroral
forms and in particular the time of ending of auroral foms seems dependent
on the stability of displays, which in turn tende to be greater when
disrupting electric fields can be short-circuited by a good electrical

conductor.

2+ Generation of an Auroral Arc by Geomagnetically Trepped Radiation

A broadly distributed auroral glow, perhaps associated with incoming
protons, often precedes a brighter auroral displey within the gilow itself.
The glow 1s often followed in & limited region by an intensification of
illumination that may be caused by a local influx of charged particles.

This possibly means there is drainage of trapped particles due to a local
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lowering of the mirror point of incident radiation in the brighter region.
This brightening region mey develop on the equatorward edge of the glow.
The cause of such mirror point depression 1s not kmown. One suggested
mechanism is that solar streams locally stretch or coupress geomegnetic
field lines so that particles may drift equatorwerds near midnight, to
lower mirror point bheights when certain invariants of the particle motion
are conserved (Vestine, 1960). Once established, such an auroral fom,
limited in extent, will probably have a lifetime closely related to the
local electric conductivity which short circuite any electric field

irregularities in the display (Vestine and Sibley, 1960). As mentioned

above, this may explain why auroral displays in the early morning appear
to be shorter in duration than in early evening; in fact, in the evening,
the auroral glow preceding the brighter form may suggest a buildup in

the electric conductivity permitting a longer display lifetime. This
lifetime may be affected by the events in the local irregularity or ridge
in an east-west direction referred to above. Thus a lisasharge to lower
levels, through secondary effects of electric and megnetic ficlds set wp
in the region, may cause growth or accentuation of the discharge to lower
reaches of the lonosphere. This may arise as a consequence of local
acceleration of the trapped particles, premoting increased flux penetration
to auroral levels. The factors leading to the transition from glow to the
first indications of a hamogeneous auroral arc are of course obscure, and
as yet quite unknown. Since such transitions often occur, certain
electrical and magnetic effects associated with the production of the
first bright segment of the hamogeneous aurorsl arc will be considemwed

here. In fact, this observed feature of a brightening edge of illumination
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of the glow on the low mirror-point equatorward-side would be expected
either as a result of a slight acceleration of the particles, or eguator-
ward migration of a glow produced by trepped radiatiom.

Diamagnetic Sheet Mechanism. If charged particles can be supplied to

a region at auroral heights at such a rate that a pet space charge is built
up, associated electric and magnetic fields will arise. Drift of partieles

at right angles to the electric field of the space charge distribution,

and to the ambient magnetic field, leads to reduced msgnetic field intensities
on the interior of the charge distribution. Such a polarization distribution
may occur at the base of a hamogeneous auroral arc.

It is therefore of considerable interest to estimate the magnetic
field B within the interior of a simple charge distribution, maintained
by contimious supply of incident particles, and to try to assess the
implications for auroral morphology.

An increase of trapped particle flux density due to an injection event
over & glven longitude will be regarded as the source of incident particles.
In order that there be growth of 8 space charge, the flux must comsist
predominantly of particles of one sign (for example, electrons). The
overall space charge distribution is to same extent neutralized by small
motions of charges in the surrounding partially ionized upper astmosphere.

The space charge distribution cogsidered here is oriented in a surface

B
of constant integral invariant I = | a y1- BFI; dl in the geomagnetic

J
Bm

field B (Vestine and Sibley, 1960). Such a surface will be elongated

epproximately along lines of geomagnetlc latitude, The thickness of the
sheet will be taken eas small campared to its longitudinal extent. Suitable

reference axes are provided by taking the origin of right-handed Cartesian
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coordinates at the top of the sheet with the z-axis downward, the y-axis
is normal to the sheet, and the x-axis intermel to the sheet and
horizontal. For purposes of camparison with the orientation of an
auroral arc due to incident electrons in the nortbern hemisphere, z is
in the direction of the geamagnetic field, x is to the east and tangenti
to the mirror point curve for particles of fixed energy drifting along &

curve of constant integral invariant (Vestine and Sibley, 1960).

Suppose that the incident flux is sufficient to maintain a space
charge distribution p such that p{x,z) = comstant and p(y) is given by
p = p, coB (n/b)y, where b is the thickness of the charge distribution
and the distribution is symmetric about the plane y = 0. The particle
drift velocity magnitude v is approximately equal to E/B; this drift
will be in the x-direction, the approximation being very good in the
F-region, and fairly good down to upper reaches of the E-region, wvhere
the collisional frequency becomes comparsble with the spiral frequency
of electrons.

Fram Poisson's equation

Y = ij-% = - Naxcng cos (x/n)y = - % (5)

where V is the electric potential, ¢ the velocity of light and b the

thickness of the sheet. Thus

E=bc? P, b sin (x/b)y (6)

may provide a useful spproximation of physicel interest. Since the
distribution is symmetric about y = 0, and the charge drift direction is

opposite on eltber side of this plane, the magnetic field produced by the
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moving charges opposes the original ambient field B inside the charge
distribution. This decrease in the magnetic field lowers the mirror
points for trapped radiation mirroring inside the cbarge distribution.
The magnetic field decrease dB due to current flow in a sheet of
thickness dy at a distance y from the center of the charge distributionm,
is approximately (except near end points) dB_ = 2x pv dy = 2np (E/B)ay,
or roughly &!(p/Bo) E dy, if B is the field in the absence of the
currents, the field decrease due to these currenis 1s small compared with
Bo’ Hoting that v reverses on croscing the plane y = O, the field on the
central plane of the charge sheet B{0) can be written
8 ¢2 pg b2

B

(D

B(0) = B, -

Consideration of the contribution of reglonms (-y,y) end (-b/2,y), (¥,b/2)

leads readily to the change in fleld as a function of y
88(y) = -(8 ¢? 62 ©%/B) cos® (w/b)y (8)

Thus B is reduced inside the sheet. For this reason,the particle
flux increases, since particles mirroring at higher altitudes (lower field
intensities) can pow penetrate the region. Hence Py increases, and b
decreases, 80 this theory may provide some insight respecting the
remarkable thinness often remarked in auroral arcs. The effect is
reminiscent of the pinch effect in charged particle beams, but bere the
effect 1s due to lowering of mirror points (Bennett, 193k). It is not
known whether or not transitions in suroral form from & diffuse glow
over a broad area to & thin arc can be explzined using this mechanism.

More detailed study is desirable on this point. In the meantime, however,
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the reduction of b and increase in po,clea.rly predicted vy the faregoing
analysis, are in encourzging agreement with observation.

The space charge density used above can be considered in a dymamic
sense as the number of particles per cm3 times the particle charge. The
contribution to n depends upon source, upon particles mirroring in a given

region, and upon particles traversing the region {Welch and Whitaker, 1959);

also included are particles coming to rest in the reglon as & result of
inelastic collision processes. In the case of an isotroplc 6~3K,ev electron

flux of the order of 5 x 10°° particles cu™2 see™> steradian™ (McIlwain, 1960),
n is about 102 per cm3. AB is very sensitive to the thickness b. However,

for b = ki, B = 0.450, and n = 10%, then 4B = - 8c%%%?/B_, so

AB = - 0.0074 gauss = - Th0 . This corresponds to a change in mirror

point altitude (o.ooqh/o.hso)ro = 110 Xm, permitting deeper penetration

of incident particle flux. Since 4B ~ &aboax = @mevbcefcl, vhere o,
1s toe Hall conductivity, vhen the flux nev ~ o,E (the loss), a hamogeneous
arc may be lowered to maximum 62/01, at height sbout 110 lmm.

The observable effect of the diamagnetic sheet mechanism would be a
transition from a quiescent broad glow pattern to & thin auroral arc with
ionization drifting at high velocity parsllel to the arc surface and normal
to the geomegnetic field. ¥Yor space charge distributions due to electron
flux, the drift will be opposite that for protomns.

The composition of the incldent flux may therefore be expected to
contribute to drifts in surorsl rays, which may in part explain observa-
tional deta on drift of ionization at auroral altitudes (Nichols, 1957)
as well as frequently observed visible drifts in eurora (Becken and

Maechlum, 1960). The broad features of the present dismagnetic sheet may
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be identified with the auroral arcs and their morphology. In particulsr,
it will be instructive to consider the stability of such aurorsl arcs in
enother way, and consider vhether evidence of such instability exists.

This matter will next be considered, neglecting other features of the
diamagnetic sheet, such as the fact that the mirror points of the dowm-
coming spiralling radiation are supposed within the electrically conducting
ionosphere, so that the space charges rapidly dissipate. It will however,
be assumed that the rate of supply of charg:e is adequate to maintain the

system.

6. Develomment and Stebility of Draperies and Ray Arcs

1f the diamagnetic sheet model described above in 4 and 5 is assumed,
electron beam theory mey be of special interest in interpreting features
of rey and drapery structures which develop from an initial homogeneous
auroral erc. Of such beam investigations, the experimental studles by

webster (1955), Kyhl and Webster (1956), and Cutler (1956) show instability

patterms in sheet electron beems extiremely suggestive of awroral behavior.
Alfven (1950) suggested this application of electrodynamics to drepery
structures, but theoretical interest has spparently been centered around

electron beam tube development. Plerce (1956), and Kyhl and Webster (1956)

ireat the problem of the hollow cylindrical electiron beam, developing
stability criteria.

The following treaiment aims to apply and extend the theory in
connection with the sheet beam described in 4. It is first shown that
elementary considerations of a thin sheet beam aligned along the geomagnetic
field leads to a plausible explanation of observed sheet beam instability.

If there is an electric field due to the space charge of the beam, drift

15
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motion of the electrons in the crossed electiric and magnetic fields will
lead to growth of any charge density perturbation.

The general effect of an electric field perturbation due %o a charge
perturbation is illustrated in Figure 1, as e drift motion caused by the
field perturbation. It is seen that the drift distorts the sheet beam into
an "S" curve. Thics leads to & further perturbation of the electric field.
As a consequence, the drift motion enhances the original charge perturba-
tion, and charge perturbatioms propegate along the besm at right angles
to the magnetic field. The progression of this distortion leads ultimately
to vortical regions of high particle flux, comnnected by thin filaments
(Kyhl and Webster, 1956).

Early staeges of this process can be identified with auroral rays

involving distortions of & sheet beam of incident particles (Alfven, 1950).

Consider the theory of a sheet beam of the kind indicated in 4, for
reasons of theoretical convenience being supposed of zero thickness. Any
vaves associated with finite beam thickness are therefore neglected. A
periodic boundsry condition is obtained by specifying n+l regions of
variation for the sheet length né where & 1is the distance separating
regions of varlation.

Sultable solutions giving the perturbations or displacements in a
plane sheet auroral arc which vary with time and distance in the x-direction
(direction of east-west drift motion) and z-direction (direction of downward
particle propagation along tne geamagnetic field B) are conveniently
regarded as a product of typical terms

ei&t e-iBz e-i?’x



RM-2674-RASA
17

where ¥ = 1/8 , with S real (Pierce, 1956).
I.etw=w-ﬁuo- ?’ul

vhere u, end uy

directions, respectively.

are the average particle velocities in the z- apd x-

The equations of motion are

- . _edvV

xgiWXSE&+wcy

&=iw=§§§--wx ()
. ) e 3y

l=iWZ=E§E

vhere e/m is taken as positive and o, = Be/m is the spiral or gyro frequency.
The equation of continuity must be satisfied for particle flow within

the auroral arc. That is, the divergence of the current density is equal

to the negative of the time rete of change of the charge density in the

arc. Let p be the charge density of the auroral sheet of thickness b and Py

the average value of p. Then

iop = 18 (pu  + p 2) + 17 (pyy + p x) (10)

B = (B /M) 2 + (o /W) , (1)

with p o negative. Consequently the fluctustions in charge density depend
both on frequency and displacement velocity. Following Plerce (1956), if
Bz is the wagnitude of ithe magnetic field at the surface of the beam, and
u, the drift velocity, the surface electric field E_ is -QV/dy = wB, .

The potential due to the thin auroral arc of thickness b will be

assumed to be of the form
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A e']q—(aboo/f Yy , ¥y>0

(12)

v.

2e

+ (1ajop fe)y , y(O

vhere a is a constant, and ¢ the dielectric constant.

2 2

From Poisson's equation X = ﬁa +7 ", and there must also result the

relstion

V, -V, = (b [€)y (13)

where y is a small displacement in the y-direction. From Geuss's theoren,

to the first order,

-k (V) +V,) = (bp_f€) (1%)
Hence )

RS- ﬁ" @+ Yb:o "] (13)
Thus

= 1(8%upn)z + 1(B7u, B/ww)x (16)

- 1(B™w B/W): + 1(YiL Bk

Substituting the above in the equations of motion (9) and eliminating
velocities (together with k2 = B2 + ¥3) yields

(-douyn ) (Wormas ) = o) [ WP- (82 /u)um (17)
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(18)

(19a)

(19v)

(19a) gives, very nearly, W = : ®_, which is of no physical interest in

the present context.

(19v) represents the condition for growing waves when
3.2,
Kuy ) 8

NowW:m-Buo- Yulzw-ﬁuo-ullcs

For stationary waves © = Q, and

- ~ 1/2
6=‘-]:—‘x-l-+mvkul -BUI{
su_ " (R} oo
° "% ©]

(20)

(21)

The wavelength of such weves propegating in the z-direction will be

L =(Rep) ! = su_fu

The time constant for buildup in the z-direction is glven by

-1/2
.22 2
7= - (me)t -2 E-u—%-eul]
Yol w? m’c]
L ¢ .

(22)

(23)
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where it is essumed that Repd) Imp, and B° is teken as real. We find
that 7 can also be written

-1f2
1/ 52mc:
T = jh—-’l- ;' l - T' | (21‘)
\ B,
Letting -8 = (ulléuo) as an approximation, and with ¥ )) B, we have
L)) 6§ and k 7= 1/ This implies
Su.w 1-1/2
?..‘;i.. 1.2 (25)
us J

For the emrth's field at auroral heights, take B = 0.45, so that
6 1l

@, = 8x 10 sec , &= 3 x lt:)5 em {from observations), and suppose
W = 6 x 101‘ em/sec (for ionization drift velocities) within a typical
fluted auroral structure. Thus instebilities will develop in a time

1/2 16

7T=50{(1 - 1.4k x 1017/u§) , if ui} 15 x 107, or uO; L x 108 cn/sec.

This corresponds to electron energies of about 40 ev.

The dismagnetic sheet mechanism of 4 shows that u, is determined
by the space charge distribution, and observed valuss of Uy suggest
values of E smaller than the model value. For a given structure
( 8 and b given) u  will have an upper limit for stability which
depends upon electyon mobilities, and thus is related to the conductivity
at suroral altitudes.

Since in & diamagnetic sheet the electric driving force ylelding the
drift velocity L increases with increasing charge density p, decreased
conductivity reduces the loss of p with time, or tends to enhance “l
with time. Prom (25) since the growth time 7 is shortened when u, is

increased, decreased electric conductivity leads to increased instability
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of the display. This accords with various experimenzal observations of
electron beams (@utler, 1956).

It 1s also interesting to note that fram (25), u> must exceed
5wcul in order that 7 be real, thereby promoting growth of instabilities.
Consequently the stabllity is semsitive to increése in the incoming perticle
velocity u .

From the foregoing, we see that elementary considerations of clectron
bean theory predict perturbations of a tirdn auroral arc. The first stage
in perturbatior growth resembles very closely auroral drapery structures.

Perturbation growth proceeds to ray-like patterning in which the charge

distribution as indicated by experiment (Kyhl and Webster, 1956; Cutler, 1956)
is vortical about magnetie field lines. Because of higher mirror points of

the remaining particles the base of a ray arc 1s higher than in s homogeneous &xC

1. _Comparison with Observation

Auroral Features Before and After Midnight. It has frequently been

renarked that homogeneous auroral arcs of longer duration are a feature

of the hours before magnetic midnight and that displays therealter are more
transitory and fleeting in space and duration. Since the ionosphere
decreases in electric conductivity during the night, the theory of stability
of homogeneous auroral arcs would appear to predict this outstanding
feature of suroral morphology.

Radar Qbservations of Auroral Drift. Investigeations of auroral

reflections using BF and VHF radar (Nichols, 1957; Unwin, 1959; Lyon snd

Kavadas, 1958; Bullough and Kaiser, 1957) indicate motion of reflecting

regions, westward prior to magnetic midnight and eastward following magnetic
midnight. These data were obtained using antennas with Yroad radistien

patterns. Leadsbrand, Presnell, Berg and Dyce (1959), using UHF parrow
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bear-width radar, have cbtained Doppler-shift patierns indicating predomi-
nantly westerly drift motions, independent of time of day, with average veloc
ities of 500 m/sec. This UHF data gave similar results for both diffuse and
discrete auroral forms. The diasmagnetic sheet mechanism developed above pre-
dicts drift directions within auroral forms due to incident electrons ob-

served to the north corresponding to those inferred by leadabrand et al (1359),

but opposite results for the poleward side of the diamagnetic sheet.
leadabrand, et al (1959) further found that east-west echo drift
of the reflecting region aggregate was not systematic (slthough
the 500 m/sec Doppler shift drift was predominantly westward), with
eastward or westward drifts equally likely. Diffuse auroral echoes rarely
exhibited any motion and most of the time appeared to come from the under-
slde of a layer extending as mich as 800 km in magnetic latitude and 500 km
east-west at about 90-110 km altitude (lower in the north). Discrete
echoes were usually reflected from the same region as the diffuse., The
discrete echoes corresponded to auroral arcs along lines of geomegnetic
latitude. The motion of the sheet a8s a whole, as inferred from the
dismagnetic sheet mechanism, would be centrolled by the broad patiern of
local eleciric and magnetic fields arising frou ionospheric current
systems, as Nichols (1957) has suggested.

It may well be that many features of auroral drift motions are
explained by the diamagnetic sheet model, since it moves readily in
response to variatioms in incldent particle flux, to the local elesctric
fields, and to magnetic gradients associated with iomospheric current systems.
The latter may play e part in the formation of pairs of homogeneous auroral
arcs joined at ope end (Vestine, 1960). The high east to west UHSF doppler

shift drifts of Leadabrand, et al (1953) can be interpreted on the basis
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of the Arift velocities intermal to the sheet. Observetionsl data such

as those of Kim and Currie (1953) do not afford indications of the drift

velocities internal to the sheet.

Observations of Auroral Form Transitions. Stoffregen et sl (1960),

reporting on studies of D-region ionization during auroras in northern
Sweden, find that such ionization is closely associated with sudden increases
in aurorsl visual intensity. They infer that bota primary electrams of
energy in excess of 100 kev and secondary x-rays contribute to D-region
ionizaiion. They ascribe such high energy radiation to leaksge from the

Van Allen belts (Arnoldy, Hoffman and Winckler, 1960). The auroral forms

preceding the sudden intensity increases were typically G, HA, HB, and R
moving slowly toward lower letitudes. Auroral intensity increased slowly
and smoothly for about 1/2 to 2 hours, then suddenly increased in intensity
to 2 high value. Following the sudden increase the aurora were mch
brighter, varying rapidly in visuel intensity, and covered great parts of
the sky, moving south. Red color appeared, followed by pulsating forms
("flaming surors™). It is noted that the observations seem to accord well with
the present theory, the increased brightness and pulsations being predicted
as a manifestation of instability before breakup. The diamagnetic sheet
mechanism offers a possible means for tapping high mirror point trapped
radiation, accentuating the brightness and hastening the breakup.
Observations of Pulsating or Flaming Aurora. Oscillatory phenomena are

camaonly observed in auroral displays. The most spectacular are described
as so-called "flaming aurora® which usually develop immediately preceding
the end of displays. Other modes of pulsatiom have been reported, however.

Geddes (1939) reports three pulsating arcs in which waves were observed
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traveling aslong the arcs following one another st intervals of about ten
seconds. 7The wave phenomena immediately preceded the RA phase and stopped
before development of RA. Using the results of the electron beam instability
theory, we would deduce drift velocities of u; =8 /T where § is the
separation of regions of charge density perturbation and 7 = 10 sec &s
given by Geddes observations. BSuppose § = 5 km 1s the separation of
elements of the developed RA, them u =5x 10" cmfsec. This is in
agreement with drift velocities obteained from radar doppler shift measure-
ments.

Tese results for flaming aurora (F), with vertical propegation of

waves, as described in the Photographic Atlas of Auroral Forms (1930}, are

predicted by the present theory for auroral morphology. According to
Elvey (private commmicatim ), he and his coworkers have also considered
the flaming aurora as = manifestation of plasma instabilities.

In the wusual flaming aurora observed by Geddes (1939) in New Zealand,
the wave movement involved the progress of & bright HA from a southern
elevation of 15° to 50° in about 1/2 second, followed by subsequent
sequences of similar srcs. If a2 distance of 300 km is taken from observer
to HA, the distance traversed is about 200 km. This gives a wavelengih L
of about 400 km {peak intensity to peak intensity) with a period 7 of 1/2
second for bulldup of the distarbance. It would therefore be inferred that
incident particle velocity u = L/7 is about 1.08 cmf/sec. This corresponds
0 electron energiles somewhat lests than the 6 Kev reported by Mcllwsin
(1960) from direct measurcments in a bright HA.

Yestine (1944) reports a vertically propagating wave display. In a

fleming aurora essociated vith HB, the wavelength L determined from
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his data is about 25 Xk with period 7 of about 0.002 second (observed over
& span of about 12 waves). This gives the incident parcicle velocity U,

25 about 1.2 x 107 cm/sec, in fair correspondence to McIlwain's (1960) direct

4 electron energy measurementc., Near the end of the display, the wavelength

had about doubled, the period was alout half tae original, and the HB had
dicappeared. Using the electron beam instability theory, it would be
predicted that tie incident particle velocity u  is about 4 times the
original or about 100 emfsec. This corresponds to electrom energies of

about 100 Kev as inferred by Stoffregen, et al (1960) in their D-region

ionization studies.




‘—-Perturbctions AE of electric field of electric field of beam
‘—Purticle drift due to AE

M Enhonced space charge density

Fig. |[—Mechanism of disturbance buildup in thin auroral arc
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